Abstract Oceanic lithosphere provides an ideal location to decipher the nature of the lithosphere-asthenosphere system which is vital to our understanding of plate tectonics. It is well established that oceanic lithosphere cools, thickens, and subsides as it ages according to the conductive cooling models. Yet this simple realization fails to explain various observations. For example, old oceanic lithosphere does not subside as predicted. Further, precise imaging of the lower boundary of the oceanic lithosphere has proven challenging. Here we use SS precursors to image the discontinuity structure across the Pacific Ocean using 24 years of teleseismic data. We image a sharp pervasive velocity discontinuity (3-15% drop over <21 km) at 30-80 km depth that increases in depth with age from the ridge to at least 36 ± 9 Myr along the 1100°C conductive cooling isotherm. Beneath seafloor >36 Myr, there is no age-depth dependence, and we image the discontinuity at an average depth of 60 ± 1.5 km. The amplitude and sharpness of the boundary suggests that a compositional variation and/or layered carbonatitic melt may be required to explain our observations rather than temperature alone. The strength and pervasiveness of the boundary suggest that it is likely related to the lithosphere-asthenosphere boundary. An additional deeper discontinuity at 80-120 km depth is imaged intermittently that in most cases likely represents a continuing negative velocity gradient in depth.
Introduction
The concept of the lithosphere-asthenosphere system is well defined as the rheological boundary between the rigid lithosphere that transfers coherently and the weaker asthenosphere [Barrell, 1914; Daly, 1940] , but its nature still remains enigmatic since various studies using a variety of geochemical and geophysical techniques have proposed different mechanisms to define the boundary [Artemieva, 2006; Jones et al., 2001; Karato, 2012; Kawakatsu et al., 2009; Moorkamp et al., 2010; Regan and Anderson, 1984; Rychert and Shearer, 2011] . Oceanic lithosphere provides an ideal location to understand the nature of the lithosphereasthenosphere system. To first order, oceanic lithosphere conductively cools resulting in a lithosphere that thickens progressively with age as the plate moves away from the ridge axis, leading to seafloor subsidence. Seismic imaging, heat flow, and gravity studies have shown that seafloor subsides according to half-space cooling (HSC) for oceanic lithosphere <70 Myr [Korenaga, 2015; Korenaga and Korenaga, 2008; Nishimura and Forsyth, 1989; Parsons and Sclater, 1977; Stein and Stein, 1992; Watts, 1978] . Yet this simple thermal model fails to explain the shallower than predicted subsidence of old oceanic lithosphere (>70 Myr). This apparent deviation from the half-space cooling model has been attributed to additional heat source [Parsons and Sclater, 1977; Smith and Sandwell, 1997] possibly caused by small-scale convection [Dumoulin et al., 2001; Huang and Zhong, 2005; Parsons and Mckenzie, 1978] and/or hot spot alteration [Korenaga and Korenaga, 2008] .
The thickness of the oceanic lithosphere likely relates to the observed pattern of seafloor subsidence. Mapping the depth and character of the lithospheric discontinuities, primarily the lithosphere-asthenosphere boundary (LAB), might help to explain observations such as the anomalous subsidence described above. Understanding the nature of the LAB is essential as it has important implications for the driving forces of plate tectonics and mantle convection [Fischer et al., 2010] . However, mapping the LAB with existing seismic methods has proven to be a challenge; there is uncertainty on the depth, velocity contrast, and sharpness of the LAB.
following subsidence patterns. The associated predicted seismic velocity gradients from experiments [Jackson and Faul, 2010] suggest gradual velocity gradients between the lithosphere and the asthenosphere [Rychert et al., 2012] . Plate model (PM) [Stein and Stein, 1992] predictions are slightly sharper than half-space cooling (HSC), but seismic velocity gradients are still expected to be very gradual, >80 km for seafloor older than 25 Myr [Rychert et al., 2012] . Surface waves also image a lithosphere that thickens with seafloor age over the Pacific Plate in global models [Maggi et al., 2006; Nettles and Dziewonski, 2008; Nishimura and Forsyth, 1989; Ritzwoller et al., 2004] . Thickening of the lithosphere has also been observed by using surface waves on a regional scale near the East Pacific Rise [Harmon et al., 2009] and beneath the east Pacific Ocean ridges incorporating body waves [Gu et al., 2005] . Surface waves offer the most comprehensive map of the oceanic lithosphere velocities although with limited resolution on the sharpness of the LAB transition, which is key to understanding its nature.
A variety of other methods have also been used to constrain the depth and sharpness of oceanic lithospheric discontinuities although with less comprehensive lateral coverage. A receiver function study with a station each on the Pacific Plate and the Philippines Plate observed a sharp (7-8% over 10-15 km) discontinuity with age dependence [Kawakatsu et al., 2009; Kumar and Kawakatsu, 2011] . P-to-S receiver functions from stations in the Philippine Sea and northwest Pacific Ocean have been used to infer an age-dependent discontinuity with a gradual velocity change with depth beneath young seafloor, and a sharp constant depth,~70 km, discontinuity beneath old oceanic crust [Olugboji et al., 2016] . Several Pacific transect studies suggest discontinuities at relatively constant depth using a variety of phases; for instance, a sharp negative discontinuity was imaged at 72-112 km depth by using ScS phases [Bagley and Revenaugh, 2008] , at 40-80 km depth by using multiple S bounces [Tan and Helmberger, 2007] , and at 54-64 km depth by using a combination of ScS phases, multiple S bounces, and surface waves [Gaherty et al., 1999] . SS precursor studies have also imaged a sharp LAB but one suggesting age dependence [Rychert and Shearer, 2011] and the other interpreted as a very subtle age-depth dependence [Schmerr, 2012] . These studies suggest that the discontinuities imaged in the 60-110 km depth range beneath the Pacific may not have a simple thermal origin. Mechanisms such as chemical composition [Gaherty et al., 1999] , hydration [Hirth and Kohlstedt, 1996; Karato, 2012] , anisotropy [Auer et al., 2015; Beghein et al., 2014] , elastically accommodated grain boundary sliding [Karato, 2012; Karato et al., 2015; Olugboji et al., 2016] , and/or partial melt [Kawakatsu et al., 2009; Kumar and Kawakatsu, 2011; Tan and Helmberger, 2007] may be required along with temperature to explain these seismic observations of a boundary that does not necessarily follow a simple age-depth trend but could affect and/or define the LAB. These discontinuities may have important implications for our understanding of the LAB and plate tectonics. However, directly connecting these discontinuities to the LAB has proved challenging. A more comprehensive imaging of discontinuity structure at high resolution is required over an entire oceanic plate to better understand the nature, evolution, and defining mechanism of the lithosphere-asthenosphere system.
In this study, we focus on seismically imaging the Pacific lithosphere using SS precursors, which are sensitive to the structure near the bounce points (Figure 1 ). We comprehensively image the discontinuity structure across most of the Pacific at a high resolution. We test for multiple discontinuities including positive discontinuities and provide a detailed view of the depth and pervasiveness of discontinuities across the Pacific. Finally, we discuss possible anisotropic contributions to observed discontinuities.
Methods
We build on the SS Lithospheric Profiling method of Rychert and Shearer [2011] (hereafter referred to as RS11) to image lithospheric discontinuities beneath the Pacific. The SS seismic phase is an S wave that bounces once at the surface of the Earth before arriving at a station (Figure 1 ). SS precursors are underside reflections from velocity discontinuities that arrive before the main SS phase due to shorter paths through the upper mantle. SS precursors are sensitive to the discontinuity structure near the bounce point, which is halfway between the source and the receiver (Figure 1a ). The advantage of using SS waveforms is that it allows us to image the lithospheric structure beneath regions that have sparse station coverage. These precursors are generally weak and cannot be consistently identified on individual seismograms. However, multiple seismograms can be stacked to bring these features above the noise [Shearer, 1991b; Shearer et al., 1999] . SS precursors have been traditionally used to image deeper discontinuities such as the 410, 520, and Journal of Geophysical Research: Solid Earth 10.1002/2016JB013526 660 km discontinuities [Chambers et al., 2005; Deuss, 2009; Deuss and Woodhouse, 2002; Flanagan and Shearer, 1998; Gu and Dziewonski, 2002; Houser et al., 2008; Lawrence and Shearer, 2008; Niu et al., 2002; Shearer, 1991b Shearer, , 1993 Shearer, , 1996 Shearer and Masters, 1992] . SS precursors have also been used to image shallow discontinuity structure such as the Moho across Asia [Heit et al., 2010; Rychert and Shearer, 2010] and lithospheric discontinuities beneath the Pacific [Rychert and Shearer, 2011; Schmerr, 2012; Tharimena et al., 2016] .
We model stacked SS waveforms in a two-stage process. In the first stage, we model the attenuation of the SS waveform stack to generate an attenuated reference stack. Then we model the waveform by convolving lithospheric operators corresponding to velocity discontinuity structure with the attenuated reference stack.
Data and Stacking
We used the Incorporated Research Institutions for Seismology (IRIS) data set from 1990 to 2014 with event to station (epicentral) distances of 90°-180°( Figure S1 in the supporting information). The waveforms were preprocessed to remove instrument response. Events with magnitude >5.5 M w and source depth <75 km were used to ensure good signal-to-noise ratio and minimize complications arising from depth phases [Rychert and Shearer, 2011] . The horizontal components were rotated to radial and transverse components. We considered the transverse components, Hilbert transforming them to produce symmetric pulses. The waveforms were resampled to 10 samples per second and were low-pass filtered at 0.1 Hz. An automated procedure was used to eliminate seismograms with incomplete records. The SS phase was picked as the maximum amplitude (positive or negative), in a time window 40 s before and after the theoretical SS arrival time. The amplitude of each seismogram was normalized to the SS phase. The waveforms were centered on the SS phase, and records with negative amplitude were flipped to align with the maximum positive amplitude. Each record was then weighted to its signal-to-noise ratio, which is the ratio of the maximum SS amplitude to the standard deviation in a time window 270 s to 30 s preceding the SS pulse. Waveforms with signal-to-noise ratio <4 were rejected. Additionally, waveforms with normalized amplitudes >1 within a 90 s window preceding the SS pulse and/or long period noise evaluated as zero-crossing of SS pulse >20 s were also rejected. We obtained 999,593 waveforms with bounce points beneath the Pacific 
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that fit the source parameters described above, 89,478 of which also fit the signal-to-noise, SS peak, and longperiod noise criteria (Figure 2) . The waveforms were then aligned on the maximum amplitude, stacked, and normalized to unit amplitude.
Pacific Binning
We divided the Pacific Ocean into 10°b
ins, spaced about 10°apart, which approximates the Fresnel zone of the SS phase at long periods ( Figure S2 ) [Shearer, 1991a; Tharimena et al., 2016] . Our event-station distribution results in an~10°region of sensitivity centered on our bins ( Figure S2 ), thereby limiting the effect of off-axis structures due to the saddle-shaped Fresnel zone of individual SS bounce points [Deuss and Woodhouse, 2002; Shearer, 1991a; Tharimena et al., 2016] . Waveforms with bounce points (Figure 2 ) within the 10°b ins were stacked by using the procedure described in the previous section. Although the majority of bins have >500 waveforms, bins in the South Pacific generally have <500 waveforms. Unlike the method of RS11, we do not restrict the inversion to bins with >500 waveforms. This was possible since we imposed additional quality control checks on the data while stacking. The quality checks included rejecting waveforms with long-period noise, precursor energy greater than the main SS pulse, and indiscernible SS pulses by visual inspection. These stringent standards ensured that only good quality seismograms were included in the stack. Visual inspection of the stacks indicated that at least 150 waveforms are required to be well resolved from the best fitting attenuated waveform, and noise degrades the quality of stacks with <150 waveforms, for which the SNR < 4 ( Figure S3 ).
Errors in the data bin were estimated by using bootstrap resampling with replacement. We stack the same number of SS waveforms in each bin, but randomly resampling them from the original stack of each bin allowing repetition of waveforms. We perform 100 bootstraps for each bin.
Pacific Bin Attributes
The age of bins is calculated as a weighted average of the age of bounce points included in the bin determined by a spatially filtered grid from the model of Müller et al. [2013] . We classify bounce points in each bin as "normal" (simple history) or "anomalous" (altered) based on the correlation criteria model of Korenaga and Korenaga [2008] . We then use the weighted average of these bounce points to classify each bin as normal or anomalous using a 50:50 cutoff.
Reference Phase
The reference phase is composed of an S wave stack convolved with an attenuation operator, t*. The inversion for t* is performed first before continuing on to the inversion for discontinuity structure. t* was allowed to vary from 3 to 6 s in the inversions [Bhattacharyya et al., 1996] . The t* operator primarily affects the width of the main SS pulse [Rychert and Shearer, 2011] and does not interfere with the precursors ( Figure S4 ). Therefore, small variation in the attenuation operator do not significantly affect the depth or sharpness of the discontinuities in our final results. The S waveform stacks are produced by using a similar Figure 2 . SS bounce points used in the 10°Pacific bins. Colors represent seafloor age [Müller et al., 2013] . The grey dots are bounce points with no age estimate. The solid black lines represent plate boundaries [Bird, 2003] .
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procedure to that used for SS as described in section 2.1. We use data within epicentral distances of 30°-55°. The same magnitude and depth cutoffs applied to SS waveforms were applied. Waveforms are weighted to their signal-to-noise ratio. We tested two reference phases. The first reference phase is for the Pacific Ocean computed by using all the S waveforms, and the second is a set of S reference stacks computed for each 10°b in using the same sources included in the corresponding SS stack. There was no significant difference in our results using either the Pacific S or bin-specific S reference waveforms. In all cases the difference in the depth estimates is < ±4 km and the amplitude is < ±1%. For simplicity we show results using the bin-specific S reference waveform in our study. For the bin-specific S reference stacks, the signal-to-noise ratio is scaled such that the total weight of an event (in the SS stack) is preserved in the S stacks. This eliminates possible bias from source effects that might be specific to a particular bounce point bin [Rychert and Shearer, 2011] . The reference phase also includes a 7 km thick oceanic crust with a crustal velocity of 3.75 km/s and Moho reflection coefficient of 0.05.
We tested the effect of varying crustal thickness on our inversions. We used CRUST1.0 [Laske et al., 2012] to calculate average crustal thickness for each bin. Crustal thickness of bins varies from 6.9 km to 11.2 km with an average crustal thickness of 7.2 km across the Pacific. Only a couple of bins in the far northwest Pacific have crustal thickness of 10.1 km and 11.2 km. Our tests showed negligible effect of variable crustal operator on our inversions, and hence, we chose a constant crustal thickness of 7 km.
Modeling
We model the stacked data waveform from 0 to 300 s preceding the SS arrival, searching for discontinuities in the~20-200 km depth range. Our synthetic waveforms are computed by convolving the attenuated reference waveform with a lithospheric operator corresponding to the discontinuity. We allowed the time-offset of the operator to vary, to model discontinuities at a variety of depths. We allowed a range of amplitudes to model a range of velocity contrasts. We allowed both positive (velocity increase with depth) and negative (velocity decrease with depth) discontinuities in our models. An example of a positive discontinuity is the Moho (Figures 1b and 1d) , and a negative discontinuity is the LAB (Figures 1c and 1e ). We use a Gaussian function to investigate a range of discontinuity sharpnesses, i.e., step functions to gradual velocity changes [Rychert and Shearer, 2011; Tharimena et al., 2016] . We first searched for a single discontinuity. Bins that could not be resolved with a single discontinuity were then tested for double discontinuities, again either positive or negative polarity. Adding a second discontinuity to the bins that were well-fit by a single discontinuity did not give a significantly better fit. In the double discontinuity bins, we also allowed for irregularly shaped operators to test our resolution to multiple discontinuities versus gradational velocity contrasts.
We used a differential evolution algorithm [Price et al., 2005; Storn and Price, 1997] to find the operator(s) that gives the best fit synthetic from 0 to 300 s prior to the main SS phase. This approach minimizes both the model storage size and computation time in comparison to a typical grid search (e.g., RS11). In this approach, an initial set (P-parent) of lithospheric operators were chosen. These operators were convolved with a reference waveform, and the goodness-of-fit of the corresponding synthetics was measured. A new set of lithospheric operators (M-mutants) were generated by using a scaled difference of two randomly selected lithospheric operators from the initial set (P) and adding the difference to a third randomly selected lithospheric operator from the initial set (P). The goodness-of-fit of the synthetics using this second set (M) of lithospheric operators was measured. A pairwise comparison of the goodness-of-fit between the initial set (P) and the second set (M) was done to choose the operators from either set P or set M that gave a better fit. This new set of lithospheric operators (N-daughter) became the initial set (P) for the second generation/iteration. The process of generating a mutant set (M) and pairwise comparison set (N) continued until an optimum solution was found. This population based numerical optimizer is similar to the grid search method used by RS11 but allowed for testing multiple discontinuities without an exponential increase in computational time. The benefits of the differential evolution algorithm over grid search for a large number of parameters are well documented [Price et al., 2005 ].
An automated procedure determines the best fitting model parameters by using the differential evolution algorithm for each bootstrap sample in a bin. The error reported in the model parameters corresponds to the range of model parameters within the bootstrapped limits of the data. The error is determined by 95% confidence bounds, which corresponds to two standard deviations of the mean of the resulting variability in the bootstraps ( Figure S5 ).
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We test for the significance of model parameters beyond the attenuated reference stack by using an F test for significance of regression [Draper and Smith, 1998; Hosmer et al., 1997] . The number of degrees of freedom in the data waveforms was determined by using autocorrelation of an SS waveform generated by using all of the waveforms in the 10°Pacific bins. We estimated 11 degrees of freedom in the data in the time window used in the inversions. Our final result resolves four model parameters for the single discontinuity (attenuation + one discontinuity), seven model parameters for the double discontinuity (attenuation + two discontinuities), and four model parameters for the positive discontinuity (attenuation + one discontinuity). Since we include a constant oceanic crust of 7 km (section 2.4), the Moho corresponds to one fixed parameter. Each discontinuity corresponds to three free model parameters (depth, amplitude, and Gaussian width), and attenuation corresponds to one free model parameter (t*). The effect of varying parameters (depth, (Figures 3a-3c ). The background colors show seafloor age with age contours (thin black lines) at an interval of 30 Myr [Müller et al., 2013] . The thick black lines represent plate boundaries [Bird, 2003] .
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amplitude, and sharpness) on the models is illustrated in Figure S4 , and the trade-off between these model parameters is illustrated in Figure S5 .
The best fitting model parameters were used to determine the depth, sharpness, and amplitude of the velocity discontinuities. Operator amplitudes were scaled to velocity variation by using the equation for SS reflection coefficient [Aki and Richards, 2009] , assuming a constant mantle density of 3.38 g cm À3 and an incidence angle of 26.7°. Although we use a constant density, we note that SS is affected by both density and velocity, and we do not have the ability to distinguish between the two. Similarly, depth was scaled from the delay time of the operator, which is a function of the two-way travel time between the discontinuity and the free surface [Aki and Richards, 2009] . The depth scaling was done assuming a constant oceanic crustal thickness of 7 km, crustal velocity of 3.75 km/s, an upper mantle velocity of 4.55 km/s, and an average horizontal slowness of 0.12 s/km. We assumed a plane wave approximation for our calculations. Discontinuity depths were also estimated by using the velocity model of Nishimura and Forsyth [1989] , but there was no significant change (±5 km) in the discontinuity depths compared to our depth estimates using a fixed crustal and mantle velocities. Discontinuity sharpness was governed by the width of the Gaussian operator and is reported as ±1 standard deviation or twice the Gaussian half-width. Although the velocity change may occur over a total depth range of 4 times the Gaussian half-width.
Variation in the arrival time of the precursor phase from moveout for the range of event-to-station distances used here is minimal, having little effect on our result. The moveout on our deepest interpreted phase (120 km) for our 90-180°epicentral distance range is <3 s ( Figure S6 ). Furthermore, 95% of the waveforms in our stacks arrive from an epicentral distance of 90°-150°( Figure S1 ), which only gives an~1.6 s difference in arrival time from moveout. This is much less than one fourth of the dominant wave period (20 s) used in our study. Therefore, while moveout may slightly affect our constraints on the sharpness of the discontinuities making them appear slightly more gradual, it does not significantly affect our ability to image the discontinuities <120 km in depth. In practice, the effect of moveout is incorporated within the error limits from the bootstrap.
Results
We resolve lithospheric discontinuity structure in 82 out of 91 bins in the Pacific with significantly increased lateral coverage across the Pacific than in previous studies (Figure 3 ) [Rychert and Shearer, 2011; Schmerr, 2012] . We image a pervasive negative discontinuity, i.e., velocity decrease with depth, at 30-80 km depth in 64 bins. We also image some complexities: locations with a shallow positive discontinuity (20-36 km), locations with no discontinuities, and locations where the negative gradient continues to greater depth.
Shallow, Positive Discontinuity
We resolve a positive discontinuity in 11 out of 91 bins in the Pacific, 8 of which sample relatively young <30 Myr lithosphere and 3 bins sample >90 Myr lithosphere ( Figure 3c and Table 1 ). The results here do not include an oceanic Moho at 7 km depth. Once we established these 11 bins required a shallow Depth scaling is described in section 2.5. We do not include a 7 km oceanic crust for modeling these bins. Amplitude refers to the shear velocity drop (percent) in depth. Sharpness refers to width of the Gaussian operator, represented by ±1σ, i.e., 2 times the Gaussian half-width.
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positive discontinuity, we took out the Moho at 7 km depth that was assumed for the rest of the bins, since these shallow positive discontinuities may represent thickened crust. However, including an oceanic Moho at 7 km depth had no significant effect on our results. The discontinuity is quite sharp at depths ranging from 20 to 36 km and velocity contrast of 2 to 15% (average velocity contrast of 8%). We do not resolve any positive discontinuities at depths greater than 36 km. Waveform fits for the positive discontinuity are shown in Figure S7 .
Pervasive, Negative Discontinuity
We resolve a single sharp negative discontinuity in 64 bins, 38 of which require a single negative discontinuity (Figures 3a and 4a and Table 2 ) and 26 of which require a shallow and a deeper negative discontinuity (Figures 3b and  4b and Table 3 ). Here we discuss the shallow pervasive discontinuity, i.e., the best fit depth from 38 singlediscontinuity bins and the shallow discontinuity depth from the 26 double-discontinuity bins as a single result. The depth of the shallow discontinuity varies from 30 to 72 km according to the conductive cooling model until 36 Myr along a 1100°C thermal contour. We use a piecewise linear fit to the age-depth data to estimate the breakpoint where there is a change in slope in the data. The inversion yields a breakpoint of 36 ± 9 Myr with a slope of 8.9 ± 4.7 km/Myr 1/2 from 0 to 36 Myr and À0.4 ± 2.7 km/Myr 1/2 from 36 to 180 Myr. The error bars indicate 2 sigma variation. There is no age dependence after~36 Myr, and the discontinuity appears to flatten in the depth range of 43-80 km, an average depth of 60 km (Figure 4) , and a 1.5 km standard error of the mean. Waveform fits to the data for bins with a single negative discontinuity are shown in Figure S8 and for bins with double discontinuity are shown in Figure S9 . The shallow discontinuity is generally sharp with velocity contrast of 3-15%, an average velocity contrast of 7 ± 2% occurring over < 21 km (Tables 2 and 3) . Some bins require a wide Gaussian operator that suggests that the velocity contrast occurs over a greater depth range and/or the lithospheric thickness varies laterally in the sampled region. Although we use a piecewise liner fit to determine the breakpoint age in our data, 36 ± 9 Myr, there is strong correlation between depth and square root of seafloor age <50 Myr, at 0.68 (including bin 211) and 0.82 (excluding bin 211).
Resolution of the Shape of the Velocity Gradient
In the 26 bins described above, a deeper negative discontinuity at 80-120 km depth is required along with a shallow negative discontinuity to fit the data. We could not resolve any bin that requires a shallow positive and a deeper negative or vice versa. Further, we tested to see if two negative discontinuities could be replaced by a single discontinuity with a large Gaussian width. Only bin 98 could be resolved with a simple single wide Gaussian operator but has a statistical better fit with the data using a double negative discontinuity. One reason a single wide Gaussian operator cannot easily replace two discontinuities is that interference at shallow depth with the main SS pulse causes a bad fit. This can be avoided with irregularly shaped pulses, which we also tested.
We could fit 20 bins with a single skewed Gaussian operator out of 26 bins that have double discontinuity. Only six (bins 71, 72, 137, 173, 338 , and 339) could not be resolved and require a double discontinuity (Figure 4 ). These six bins also have the appearance of a double pulse ( Figure S9 ). The skewed functions for the double discontinuity bins are best fit with a sharp Gaussian at shallow depths, followed by a rectangular function and a gradual Gaussian tail at the end ( Figure 5 ). In most cases the models converge to a solution where there is a sharp discontinuity at shallow depths followed a more gradual tail (large Gaussian width).
The skewed operator test suggests that while we can resolve the existence of velocity discontinuities, there is some uncertainty in the exact shape. We cannot distinguish between two sharp discontinuities with a linear gradient (skewed Gaussian) between them ( Figure S10 ). We report the depths of the asymmetric operators as both the maximum amplitude (hereafter referred to as SG depths) and as the depth of half the total velocity drop (hereafter referred to as CDF depths). In case of bins with a single discontinuity (Table 2) , we did not find a Depth scaling is described in section 2.5. These bins include a 7 km thick oceanic crust as described in section 2.4. Amplitude refers to the shear velocity drop (percent) in depth. Sharpness refers to width of the Gaussian operator, represented by ±1σ, i.e., 2 times the Gaussian half-width.
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any significant change in discontinuity depths when skewed Gaussian operators were used ( Figure S11 ). The CDF depths are < ±3 km, and the SG depths are < ±6 km compared to discontinuity depths calculated by using symmetric Gaussian functions. In case of bins with a double discontinuity the fits to the data using skewed Gaussian operators are statistically similar or better in some cases compared to the fits to the data using two Gaussian operators ( Figure S12 ). The SG depths are < ±5 km compared to the previously reported shallow discontinuity from the double-discontinuity bins and shows similar age-depth trend (Figure 5a ). But the CDF depths are much deeper, generally occurring midway between the shallow and deeper discontinuity (Figure 5b ). The CDF depths are in the range of 55-90 km, average depth of~75 km, and show no apparent age dependency. The SG depths are probably the most important since SS is most sensitive to the depth of the strongest and sharpest velocity change.
No Discontinuity and Failed Bins
Nine bins could not be resolved at all owing to small number of waveforms and/or noise (Table 4) . Seven bins could be modeled with attenuation alone, allowing a maximum of 6.4 s, and required no additional discontinuity ( Figure 3d and Table 4 ). Waveform fits to the data are shown in Figure S13 .
Discussion
Shallow, Positive Discontinuity
Resolution of the shallowest discontinuities (<30 km) is difficult since phases arrive very close to the main SS phase and can trade-off with the attenuation operator. We investigate this trade-off for the shallow positive discontinuities. We typically allow attenuation operators of 3-6 s in our inversions (section 2.4), but all bins with a positive discontinuity are better fit with a larger attenuation operator (Table 1) . If we allow a maximum a Depth scaling is described in section 2.5. These bins include a 7 km thick oceanic crust as described in section 2.4. Depth 1, Amplitude 1, and Sharpness 1 refer to the shallow discontinuity, and Depth 2, Amplitude 2, and Sharpness 2 refer to the deeper discontinuity. Both shallow and deeper discontinuities are of negative sign, i.e., velocity decrease with depth. Amplitude refers to the shear velocity drop (percent) in depth. Sharpness refers to width of the Gaussian operator, represented by ±1σ, i.e., 2 times the Gaussian half-width.
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attenuation of 6.4 s, only 8 of 11 bins require a positive discontinuity, although the depth and sharpness constraints in these bins remain unchanged.
Several of our bins with a shallow, positive discontinuity are located in regions that have been altered by volcanism and may represent a thickened crust (marked as "Moho" in Table 1 ). For example, bins 276 and 277 sample the Manihiki Plateau and bin 308 samples the Hikurangi plateau. Manihiki and Hikurangi plateaus are thought to have been part of a much larger Ontong Java super plateau that formed due to a massive volcanic event 120 Myr ago [Taylor, 2006] . The~25 km thick crust that we image is consistent with previous crustal thickness estimates of 15-25 km from seismic reflection survey and gravity modeling [Davy et al., 2008; Davy and Wood, 1994] . Bin 175 samples the Galapagos archipelago, and the thicker crust, Figure 5 . (a and b) Discontinuity depth results for bins with double discontinuity modeled by using a skewed Gaussian operator. The SG depths are plotted in Figure 5a and the CDF depths in Figure 5b . The bottom plots show bins that could be equally well fit by a skewed Gaussian operator (dashed red) or a double discontinuity (two Gaussian) operator (solid grey). The black circle shows the delay time at which the SG depths are calculated. The red shaded area is used to calculate the CDF depths. "Normal" and "Anomal" refers to normal and anomalous bins (Table 3) . "G" represents a Gaussian, and "G*" represents a skewed Gaussian operator. Numbers "1" and "2" represent the number of operators used.
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~35-40 km, that we image is consistent with receiver function study in the region that has reported a velocity increase at 37 ± 7 km depth [Rychert et al., 2014a] . Bin 283 is near the eastern hot spot track/Nazca Ridge and may reflect thickened crust. The positive discontinuity in bin 139 can be explained by its proximity to the southern margin of the North American continent which has a crustal thickness of 20-35 km [Laske et al., 2012] , sampled by the large Fresnel zone (~10°) of the SS ( Figure S2 ). Finally, bins 365 and 381 are both located on mid-ocean ridges but require a positive discontinuity at 36 and 37 km depth even if very high attenuation (6.8 s) is assumed. If very large attenuation of >6.8 s is allowed, 5 (bins 212, 283, 308, 363, and 364) out of 11 bins require no additional discontinuity (Figure 6 ), four (bins 212, 363 363, and 364) that are located near mid-ocean ridges and might be characterized by higher than average attenuation [Dalton et al., 2008] . Figure 6a show depth of positive discontinuity. The white bins in Figure 6b require only attenuation to fit the data. The black bins could not be resolved. The background colors show seafloor age with age contours (thin black lines) at an interval of 30 Myr [Müller et al., 2013] . The thick black lines represent plate boundaries [Bird, 2003] . (Figure 7) in the depth range of 30-80 km are in agreement with a previous study using SS precursors that imaged a sharp (4-13% over <70 km) age-dependent discontinuity at 25-70 km depth beneath young seafloor (<40-70 Myr) [Rychert and Shearer, 2011] . Our depths are only slightly deeper than RS11. Our results show greater depth-age dependence beneath young seafloor than those of Schmerr [2012] (Figure 8 ).
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Our results for younger oceans are also supported by receiver function studies of oceanic stations in the northwest Pacific that image a sharp (7-8% velocity reduction over 10-15 km) discontinuity at 55 km and 76 km with a plate age of 25 Myr and 49 Myr in the Philippine sea [Kawakatsu et al., 2009] (Figure 8 ). Further, a discontinuity in the depth range of 51-92 km that progressively increases with age from 9 to 70 Myr was also imaged by using receiver functions along three oceanic plate margins in the Pacific [Kumar and Kawakatsu, 2011] .
Our discontinuity depth results beneath young seafloor, <36 Myr (as determined by piecewise linear fit to the age-depth data), are also in general agreement with surface wave results that image a thickening lithosphere with age in both global [French et al., 2013; Maggi et al., 2006; Nettles and Dziewonski, 2008; Nishimura and Forsyth, 1989] and regional studies [Gu et al., 2005; Harmon et al., 2009] . For example, our discontinuity depth results are in good agreement with the depth of the negative gradient in Voigt average isotropic shear velocity in a global surface wave model, SEMum2 [French et al., 2013] (Figure 9 ). We image a discontinuity in the depth range of 30-59 km compared to a discontinuity at 38-56 km in SEMum2 beneath similarly young seafloor (Figure 9b) . However, the discontinuity we image is sharper, an average velocity contrast of 7-8% occurring over <21 km compared to an average velocity drop of~3.5% occurring over~65 km in global surface wave models [French et al., 2013] .
The discontinuity depths we image in the older (>36 Myr) lithosphere appears to be at a near constant depth of~60 km, cutting across isotherms from half-space cooling and plate models. The near constant depth discontinuities that we image are similar to those imaged in the depth range of 40-80 km [Gaherty et al., 1999; Tan and Helmberger, 2007] , 40-100 km [Schmerr, 2012] , and 60-94 km beneath old seafloor [Kumar and Kawakatsu, 2011] (Figure 8 ). Our results are also broadly consistent with the mean depth of the gradual drop in velocity with depth in surface wave models in most locations, although surface waves tend to be systematically deeper, by~10 km (mean depth~75 km) with two locations much deeper (~130 km) [French et al., 2013] (Figure 9 ).
Our results beneath older seafloor are also in agreement with the 6-12% velocity drop at 40-100 km depth beneath seafloor >36 Myr [Rychert and Shearer, 2011] (Figure 8 ) but suggest a much more pervasive feature than previously detected (Figure 7) . Our results are shallower (50-80 km) than the four deep (95-130 km Figure 7 . The shallow discontinuity at~60 km is pervasive across most of the Pacific. The circles and squares show normal and anomalous bins, respectively. Bins with no black outline show single negative discontinuity (Figure 3a) . Bins with a thick black outline show shallow discontinuity from the double discontinuity bins (Figure 3b ). The background colors show seafloor age with age contours (thin black lines) at an interval of 30 Myr [Müller et al., 2013] . The thick black lines represent plate boundaries [Bird, 2003] .
10.1002/2016JB013526 depth) bins from RS11 (bins 70, 71, 99, and 132) . This is likely related to uncertainty in gradient shape and also an artifact of the different parameterizations of the two studies. RS11 only allowed a single negative discontinuity, and thus required broad gradients in these bins. The gradients were tapered on the source side to avoid interference, and the peak of the Gaussian was reported. This would be more similar to our skewed results for double discontinuity bins. This could reconcile depth differences between bins 71 and 99, which were also fit by a wide skewed or a double discontinuity operator here and also bin 99 which had a large Gaussian width in RS11, leaving only bin 132 discrepant. Overall, the resolution and parameterization here are improved from the past since our larger data set, with better quality control, allows for better constraints on the character of the gradient. Figure 9 . (a) Shallow discontinuity depths compared to depth of the negative gradient in Voigt average shear velocity in a global surface wave model, SEMum2 [French et al., 2013] . TRH refers to the present study. The circles and crosses correspond to normal (TRH-N) and anomalous lithosphere (TRH-A). (b) Discontinuity depths from present study and depths estimated from SEMum2 plotted against square root of seafloor age. Figure 8 . Depth of the shallow, pervasive discontinuity compared to seafloor age and plate model (PM)/half-space cooling (HSC) isotherms. The present study is referred to as TRH. The circles and crosses correspond to normal (TRH-N) and anomalous lithosphere (TRH-A), respectively. The blue "circle"/"cross" shows results of single discontinuity, and the red circle/cross shows results of shallow discontinuity in bins with double negative discontinuity. The diamonds show SS precursor results for normal (RS11-N) and anomalous (RS11-A) lithosphere from RS11 [Rychert and Shearer, 2011] . The squares and plus signs show LAB depths from receiver function studies of K9 [Kawakatsu et al., 2009] and KK11 [Kumar and Kawakatsu, 2011] . The stars (S12) show discontinuity from previous SS precursor study [Schmerr, 2012] . The colored boxes show results from TH7 [Tan and Helmberger, 2007] and GAH99 [Gaherty et al., 1999] . The solid grey lines show melt contours for a mantle melting model with varying amounts of water (ppm) [Katz et al., 2003] . The solid black lines show isotherms for plate model [Stein and Stein, 1992] , and the dashed grey lines show isotherms for half space cooling model.
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Comparison to Previous Transect Studies
We also compare our results to the pacific transects PA5 [Gaherty et al., 1999] and PAC06 [Tan and Helmberger, 2007] (Figure 10 ). For this comparison we generated data and reference stacks, using the procedure described in section 2, to approximate the pacific transects PA5 and PAC06. The depth scaling was done assuming a constant oceanic crustal thickness of 7 km, crustal velocity of 3.75 km/s, an upper mantle velocity of 4.55 km/s, and an average horizontal slowness of 0.12 s/km. We resolve a sharp discontinuity,~6% velocity contrast over <10 km at a depth of 40-60 km compared to the~6% velocity change in the depth range of 40-80 km reported by PAC06 study [Tan and Helmberger, 2007] . Similarly, we resolve an~6% velocity contrast over <15 km at a depth range of 42-73 km along the PA5 transect compared to a sharp (<30 km thick) 6% velocity drop at a relatively constant depth of 60 ± 20 km [Gaherty et al., 1999] . The discontinuity along PAC06 appears to be sharper than along PA5 transect. But the PA5 transect fits better with a sharper double negative discontinuity at 45 km and 70 km with a velocity contrast of 5-6% occurring over <10 km. The fact that our SS precursors also require sharp discontinuities in the similar depth range along PA5 and PAC06 transects suggests that mechanisms other than temperature alone are required.
The discontinuity that we image along PA5 and PAC06 agree with the best fit result from RS11, a 3-10% change over <50 km [Rychert and Shearer, 2011] . However, a discontinuity was not statistically required along PA5 and PA06 in RS11. The improvement in resolution here is probably from our larger data set, additional quality checks that we impose and also a different back azimuth distribution, primarily 50°-90°, in comparison to the W-E back azimuths that dominated RS11. Our stacks excluding the 50°-90°back azimuth range show a reduction in amplitude for the two transects, suggesting an azimuthal anisotropic component to the discontinuity [Rychert et al., 2014b; Rychert et al., 2012] . When we limit the back azimuth range considered here to that of RS11, we can no longer resolve a significant discontinuity along PA5. However, PAC06 could be resolved to within ±4 km.
Comparison to a Thermal Model
Our results show that the shallow, negative discontinuity beneath young ocean, <36 Myr as determined by piecewise linear fit, increases in depth from 30 to 80 km with increasing seafloor age. This result is consistent with a thermally defined lithosphere that thickens with age (Figure 8) , falling along the 1100°C isotherm. To test a thermal origin for the Pacific lithospheric discontinuities, we considered experimental predictions for seismic velocity [Jackson and Faul, 2010] (hereafter referred to as JF10) from a half-space cooling (HSC) and plate model (PM) [Stein and Stein, 1992] . We assume a grain size of 20 mm [Behn et al., 2009] and mantle potential temperature of 1350°C. The anelastic effects (velocities deeper than the kink in the profiles) are frequency-dependent. Here we assume surface wave frequency-depth relationships [Forsyth, 1992] , although the frequency effect is not strong [Rychert et al., 2008] . The predicted seismic velocity gradients are sharper for younger ages and more gradual beneath old seafloor (Figure 11) . We estimate the discontinuity depth Figure 10 . Bounce points included in the stacks that approximate the Pacific transects, PA5 (blue) [Gaherty et al., 1999] and PAC06 (red) [Tan and Helmberger, 2007] . The background colors show seafloor age [Müller et al., 2013] . Waveform fits for the two transects are shown on the right. The solid grey line is the data, the dashed blue is the attenuated reference S wave, the dashed red is the best fit model, and the dashed green in the top plot is best fit model using a single discontinuity.
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as the midpoint of the negative gradient in shear velocity for JF10, although the depth of the sharpest negative JF10 gradient is very similar (Figure 11 ). Our results for the shallow discontinuity are similar in depth range (< ±10 km) to those estimated from JF10 for seafloor <36 Myr. For seafloor >36 Myr, our results are shallower than estimated from JF10 (Figures 11b and 11e ). There is strong correlation, 0.81 for HSC and 0.81 for PM, between our results and estimations from JF10 for seafloor <36 Myr. However, our gradients are much sharper at all ages (3-15% over <21 km) compared to those predicted by JF10, 8-11.5% over <170 km for HSC, and 10-11.5% over <130 km for PM) (Figures 12 and 13) . The magnitude of discontinuity sharpness (% change in velocity/total depth range) we model is on an average 4 times greater than the predictions from JF10 (Figure 12 ). The sharpness of the discontinuity and the lack of relationship between discontinuity depth and square root of age in comparison to the predictions from JF10 suggest that the discontinuity we image may not have a purely thermal origin, and other processes may be required to explain the discontinuity. 4.2.4. Mechanisms for the Shallow, Pervasive, Negative Discontinuity 4.2.4.1. Anisotropy An abrupt change in seismic anisotropy could explain apparent velocity discontinuities in SS waveforms [Rychert et al., 2014b] . Azimuthal anisotropy would cause SS precursor underside reflections of varying amplitude and sign (positive or negative) depending on the back azimuth direction. Limitations in back azimuthal distribution of the data make tight constraints difficult. However, we attempted to detect polarity variations in the discontinuity required by our SS waveforms when stacked along different back azimuth ranges. Although we detect variations in amplitude with back azimuth, we do not see evidence for variations in polarity. In addition, we do not detect positive polarity discontinuities near~60 km depth in any bins across the Pacific. This suggests that azimuthal anisotropy is not the only factor defining the observed discontinuity. Figure 11 . Our shallow pervasive discontinuity depths (TRH) compared to experimentally predicted depths for thermal models, JF10 [Jackson and Faul, 2010] . Predicted seismic velocities assuming grain size of 20 mm, appropriate for typical mantle temperatures of 1300-1450°C and water content of 50-2000 H/10 6 Si at 150 km depth [Behn et al., 2009] for (a) half-space cooling (HSC) and (d) plate model (PM) [Stein and Stein, 1992] . TRH discontinuity depths compared to predicted depths from (b) HSC and (e) PM. Predicted depth is the center of the negative velocity gradient in both HSC and PM indicated by black markers in Figures 11a  and 11b . TRH discontinuity and predicted depths compared with age of bins for (c) HSC and (f) PM. The circles and crosses correspond to normal (TRH-N) and anomalous lithosphere (TRH-A), respectively. The blue color shows results of single discontinuity, and the red color shows results of shallow discontinuity in bins with double negative discontinuity.
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Negative SS precursors could result from a sharp increase in radial anisotropy with depth. However, whether or not radial anisotropy is strongly increasing at 60 km depth is debated. An increase in radial anisotropy from 0 to 100 or 150 km depth is a feature of most global models [Auer et al., 2015; Beghein et al., 2014; Burgos et al., 2014; Nettles and Dziewonski, 2008] . Although, in situ regional constraints suggest that the strongest anisotropy is shallow [Lin et al., 2016; Takeo et al., 2013; Weeraratne et al., 2007] . These studies constrain azimuthal anisotropy that would translate to radial anisotropy if caused by horizontal alignment of olivine. In addition, if our results represent the same feature(s) imaged by receiver functions from the Pacific [Kawakatsu et al., 2009; Kumar and Kawakatsu, 2011] , radial anisotropy cannot provide a simultaneous explanation . 4.2.4.2. Compositional Boundary Extraction of basaltic melt at a mid-ocean ridge may result in a dry, depleted residuum [Hirth and Kohlstedt, 1996] . The difference in seismic velocity between the seismically fast residuum and the slower deeper mantle beneath could produce a seismic velocity discontinuity, related to the depth of melting near~60 km depth, which would be age-independent [Gaherty et al., 1999] . This resembles the depth of our results (50-80 km, average depth of~60 km) beneath seafloor >36 Myr old which show no age dependence. Compositional boundaries can also be quite sharp [Hirth and Kohlstedt, 1996; Rychert et al., 2005; Rychert et al., 2007] , certainly sufficient to explain our constraints on the depth range over which the discontinuity occurs. In terms of magnitude, typically chemical depletion can explain~1% velocity contrast [Schutt and Lesher, 2006] . However, in the special situation where there is frozen-in melt at shallow depths as a garnet-rich rock like eclogite, the contrast could be larger,~5% [Hacker and Abers, 2004] . In addition, although we parameterized the inversion in terms of seismic velocity, density effects from composition might also play a role, potentially enhancing the apparent contrast by 2-3%. Therefore, if a somewhat exotic melt composition is pervasively frozen-in to the lithosphere this could explain up to an~8 % sharp contrast, satisfying the bulk of our observations beneath seafloor >36 Myr. Figure 12 . Discontinuity sharpness compared to predictions from thermal model. TRH refers to the present study. Gaussian width, i.e., ±2σ, of the discontinuity compared to total depth range of negative velocity gradient in JF10 for (a) HSC and (d) PM. TRH discontinuity sharpness, i.e., % change in velocity over total depth range, compared to JF10 discontinuity sharpness for (b) HSC and (e) PM. Logarithm of discontinuity sharpness (Log 10 Sharpness) compared to seafloor age for (c) HSC and (f) PM. The solid grey line in Figures 12c and 12f shows sharpness estimates from JF10. The circles and crosses correspond to normal (TRH-N) and anomalous lithosphere (TRH-A) respectively. The blue color shows results of single discontinuity, and the red color shows results of shallow discontinuity in bins with double negative discontinuity.
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Although dehydration may also contribute to seismic velocity discontinuities, it may not be significant beneath the older seafloor (>36 Myr) if the effect of hydrated olivine on seismic waves is diminished at cold temperatures [Behn et al., 2009] . However, alternatively, it has been suggested that elastically accommodated grain boundary sliding could enhance the effect of water on seismic waves [Karato et al., 2015; Olugboji et al., 2013] , and the temperature-pressure dependence of the effect would create a discontinuity with a similar age-depth dependence to our observations at younger ages. However, the magnitude of this effect is debated [Jackson and Faul, 2010] and experimental work on hydration is beginning to emerge [Aizawa et al., 2008] .
Partial Melt
The presence of melt in the asthenosphere could explain a large velocity drop with depth. This might occur along the solidus if melt is present in significant amounts just deeper than the solidus. At the mid-ocean ridge axis, large volumes of melt in the mantle (~1%) could produce a velocity drop of up to 7.9%, although the exact magnitude depends on the amount of melt and melt-distribution geometry [Hammond and Humphreys, 2000; Kawakatsu et al., 2009] . Just off the ridge axis, the small degrees of asthenospheric melt could accumulate in regions where the solidus acts as a permeability boundary [Hirschmann, 2010; Katz, 2010; Sparks and Parmentier, 1991] , enhancing the velocity contrast along the solidus out to~40 Myr assuming 500 ppm water content [Katz et al., 2003] (Figure 14) . The melt concentration may be significantly higher at the permeability boundary (porosity on the order of 0.10 or 10% by volume) [Sparks and Parmentier, 1991] . At young seafloor ages (<36 Myr), the solidus happens to also be quite similar to the 1100°C isotherm and could explain the correlation at young ages (Figures 8 and 14) . The enriched solidus (500 ppm water) diverges from the 1100°C isotherm at greater ages, although our resolution of the breakpoint does not allow us to distinguish between the two (Figure 8 ).
Beneath older seafloor, mantle melt production is expected to be small. In addition, temperatures are expected to be below the silicate melt solidus at 60 km depth. Volatiles such as water and CO 2 could enhance and stabilize a small degree of partial melt in the asthenosphere, although suboceanic mantle is expected to be depleted in volatiles, with correspondingly small melt contents (≪0.1% melt), insufficient to explain our result [Hirschmann, 2010] . In areas of local enrichment (~500 ppm H 2 O and CO 2 ), [Sifre et al., 2014] through the formation of a permeability boundary and/or the neutral buoyancy of the melt [Sakamaki et al., 2013] . Diking of asthenospheric melt and subsequent heating and thinning of the lithosphere [Havlin et al., 2013] could explain an~60 km lithosphere in regions with high melt production (at least 0.63% melt). However, all of these models require large, constant supply of volatiles and/or melt, which is not predicted over the entire Pacific. One possibility is that low degrees of asthenospheric carbonatite melt [Hirschmann, 2010] in horizontal bands such as suggested in the "millefeuille model" could produce the required velocity contrasts over large swaths of the Pacific without the need for extreme volatile and/or melt contents [Kawakatsu et al., 2009] , potentially explaining our observation. The melt would likely affect the strength of the mantle [Faul, 1997; Hirth and Kohlstedt, 1995] , and the boundary would necessarily represent the lithosphere-asthenosphere boundary in this case [Rychert et al., 2005; Rychert et al., 2007; Rychert and Shearer, 2009] .
Conclusions
We resolve a sharp, pervasive seismic discontinuity across the Pacific at 30-80 km depth with a 3-15% shear velocity drop over <21 km in depth. It increases in depth with age from the ridge to 36 ± 9 Myr according to conductive cooling along the 1100°C isotherm. Beneath older seafloor, >36 Myr, there is no apparent age-depth dependence and the discontinuity is imaged at a mean depth of 60 ± 1.5 km. A purely thermal origin of the discontinuity is unlikely as the velocity contrast is sharper than expected from thermal models. The discontinuity beneath younger seafloor is likely related to the accumulation of melt at a permeability boundary, which is controlled by the solidus depth. The discontinuity beneath older seafloor could be explained by a compositional boundary from a strong pervasive frozen-in melt signature. Although not necessarily the LAB, this type of pervasive compositional variation would probably influence mantle rheology and the LAB transition. Alternatively, melt could explain our observations at older ages where thin layers of carbonatitic melt form as in the "millefeuille" model and/or coalesces at a permeability boundary. In this situation the melt would likely weaken the mantle, and the boundary would then represent the LAB. An intermittent 4% drop in shear velocity over <11 km is imaged in the depth range of 80-120 km depth (average depth of~100 km) with no apparent age dependence. In many cases, it could represent continually decreasing velocity in concert with the shallower feature. Figure 14 . Schematic of a model that explain the shallow, sharp, pervasive negative discontinuity in our results. The solid and dashed grey lines show 1100°C isotherm for PM and HSC, respectively. The white lines show melt contours for a mantle melting model with varying amounts of water (ppm) [Katz et al., 2003] .
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